Since the equilibrium contact angle could not be achieved in a real system, the advancing contact angle, θ a , was obtained by extrapolating the measured angles to zero time.
Single ber wettability
The sessile drop contact angle is not an accurate angle at three-phase boundary 4, 5 . Moreover, this method cannot be used to measure contact angles on extremely small samples such as single fibers. In such cases, the Wilhelmy method can be used 5, 6 . Figure 2 illustrates the continuous weight monitoring in a polyester fiber/water/air system during an immersionwithdrawal cycle at an interfacial moving velocity of 0.3 mm/min 7 . Points a, b, and c indicate the moments when the water surface came in contact with the lower edge of the fiber, when the motion direction of the water surface was reversed, and when the water surface was separated from the lower edge of the fiber, respectively. The advancing and receding contact angles, θ a and θ r , respectively, calculated from the individual wetting force are given in the figure. The advancing angle was in good agreement with that obtained for the PET film using the sessile drop technique, as shown in Fig. 1 .
Determination of surface free energy
According to the van Oss-Chaudhury-Good approach 8 , the Young-Dupré equation for polar materials is:
where θ and γ are the contact angle and surface free energy, respectively. Subscripts S and L refer to solid and liquid, respectively, and superscripts LW, and refer to the Lifshitz-van der Waals component, Lewis acid parameter, and Lewis base parameter, respectively. The contact angles of water, diiodomethane, and ethylene glycol on the PET film and fiber were measured by the sessile drop and Wilhelmy methods, respectively. The surface free energies of the PET film and polyester fiber were calculated by Equation 1 , using the measured contact angles and the published values of γ L LW , γ L , and γ L 9 . Table 1 lists the results obtained for PET samples before and after surface oxidation by an atmospheric pressure plasma jet APPJ , which contains a number of high-density active species such as electrons, free radicals, ions, and photons. For both samples, the acid and base surface free energy parameters considerably increased after APPJ oxidation due to the introduction of oxygen-containing functional groups, although the Lifshitz-van der Waals component did not change significantly.
Fig. 1
Change in the water contact angle on the PET film with time. Fig. 2 Weight monitoring using the Wilhelmy method for the polyester fiber/water/air system. 
DETERGENCY EVALUATION USING MODEL SYSTEMS

Model detergency system
The detergency is mainly influenced by the substrate, contaminants, media, and mechanical action used. The substrates can be classified into those with a high-energy surface, such as metals and ceramics hard surfaces , and a low energy-surface, such as polymers soft surface . In this study, silica plate and PET materials film, fiber, and fabric were used as model hard and soft surfaces, respectively. Carbon black and red clay, stearic acid and oleic acid, and the water-soluble Acid Violet 6B dye were chosen as model particulate, oily, and water-soluble contaminants, respectively. Aqueous water, water/ethanol mixture, and surfactant solution and non-aqueous organic solvents media were used. Stirring, shaking, and ultrasound were applied as mechanical actions for soil removal. The detergency systems were constructed by combining the above substrates, contaminants, media, and mechanical actions.
Microscopic counting method
The deposition of polyethylene and nylon particles as model particulate soils onto a silica substrate was investigated in water/ethanol mixtures 10, 11 . The silica plate was treated by three silane coupling agents: 3-aminopropyl triethoxysilane APTES , methyltriethoxysilane MTES , and perfluoroethyltrimethoxysilane FETMS . The particles were ultrasonically dispersed in water/ethanol mixtures, and the silica plate was perpendicularly immersed in the dispersion stirred at 100 rpm. After 60 min, the number of particles deposited on the silica plate was counted using a microscope video system, and the obtained results are presented in Fig. 3 . The number of deposited particles increased after silane coupling and decreased with increasing ethanol concentration, especially for polyethylene particles. This result shows that the addition of ethanol to an aqueous detergency system can prevent the redeposition of particulate soil onto the substrate. The deposition of particles was discussed in terms of the total potential energies of interaction between the particles and the silica plate, which were calculated as the sum of the electrical double layer, Lifshitz-van der Waals, and acid-base interactions using electrokinetic potentials and surface free energy components 10, 11 . As expected, the amount of deposited particles increased with increasing absolute value of the minimum potential energy of interaction Fig. 4 .
Microscopic image analysis
The removal of stearic acid as a model oily soil from the PET film was investigated using a microscopic image analysis system 12 . Prior to the soil removal experiment, stearic acid was deposited on the PET film by spraying of its acetone solution. After aging for 24 h in air at room temperature, the PET film was cleaned in a surfactant solution at 25 by stirring at 600 rpm. After cleaning, the PET film was dried in air without rinsing. Microscopic images of PET films within the same field of view before and after cleaning were obtained for five different areas. The total areas of stearic acid before and after washing were obtained by binary image processing and were used to determine the removal efficiency. Figure 5 shows the effect of C12 sodium alkyl sulfate AS and C12 alcohol ethoxylate AE concentrations on the removal efficiency of stearic acid, which abruptly increased with increasing AE concentration, as compared to AS. The contact angles of detergent solutions on the PET film were measured by the sessile drop method. As indicated in Fig. 6 , the removal efficiencies obtained for all systems were well correlated with the contact angles, indicating that the penetration of surfactant solution between stearic acid and the PET film in the contact zone was a dominant factor for soil removal. 
Quartz crystal microbalance techniques
The quartz crystal microbalance QCM is an electronic device having piezoelectric characteristics, with its frequency linearly changing as a function of mass deposited on its electrodes 13 . Polyethylene, nylon 6, and cellulose acetate substrates were prepared on QCM gold electrodes by spin-coating 14, 15 , and arachidic acid was deposited onto the substrates as a model oily soil using the LangmuirBlodgett LB technique 16 . The QCM was subsequently cleaned using ultrasound in aqueous detergent solutions. The removal efficiency of arachidic acid films was determined from the QCM frequency change resulting from cleaning Fig. 7 14 . The largest efficiency was observed for cellulose acetate, followed by nylon 6 and polyethylene. For all substrates, the removal efficiency was found to increase with increasing AS concentration and was well correlated with the free energy change calculated from the surface free energies of arachidic acid films, substrates, and the AS solution, and the contact angles of the AS solution on arachidic acid films and substrates, owing to the penetration of AS solutions between the above films and substrates 14 .
In situ monitoring of soil removal by stirring 17 was performed using a QCM coated with a PET substrate, on which stearic acid was deposited using the LB method 18, 19 .
The obtained results are presented in Fig. 8 . Immediately after immersion into the detergent solution, the QCM frequency drastically decreased due to the change of medium from air to water, subsequently increasing due to the removal of stearic acid. The stearic acid film was rapidly removed in NaOH, whereas a small amount of film was removed in AS solutions. These films, uniformly deposited on the PET substrate, can be easily removed by neutralization in alkaline solutions 20 . However, these films may be difficult to remove by penetrating liquid into the contact zone between the soil and substrate in a surfactant solution 21 .
DETERGENCY EVALUATION USING ARTIFICIALLY SOILED FABRICS
Factors dominating textile cleanability
In order to obtain a criterion for the cleaning power of a liquid, a textile washing test was performed in water and various organic solvents. Artificially soiled fabrics were prepared by depositing particulate carbon black , oily oleic acid , and water-soluble Acid Violet 6B soils on a cotton fabric from the corresponding dispersion or solution. After aging for 7-10 days in a refrigerator, the soiled fabrics were cleaned in various liquids by stirring at 600 rpm. The washing period and temperature were 20 min and 25 1 , respectively. After cleaning, the soiled cloths were dried without rinsing, since the bath ratio was sufficiently large 200-300 . The detergency was evaluated from the change in the surface reflectance of the soiled fabric before and after cleaning 22 .
The obtained results are shown in Fig. 9 . The detergency was strongly dependent on the nature of the soil and liquid, with particulate soil being difficult to remove in any liquid. In contrast, oily and water-soluble soils were readily removable in organic solvents and water, respectively. In tetrachloroethylene, the water-soluble soil was removed from cotton even after solubilization with water, suggesting that the removal of sweat residues from summer cotton garments by commercial dry cleaning is insufficient. A certain correlation was found between the detergency and the relative dielectric constant of the washing medium for all soils. The addition of alkali and surfactants to water considerably enhanced the removal of all soils.
Application of multitier fabric to textile wash test
The evaluation of textile detergency was carried out using artificially soiled multifiber adjacent fabrics MFFs composed of six different warp regions 23 . The MFFs soiled with particulate, oily, and water-soluble soils were cleaned by stirring at 600 rpm in water containing NaOH, AS, and n-decane solubilized in water. After cleaning, the soiled MFFs were dried without rinsing, since the bath ratio was sufficiently large 140 , and the results are presented in Fig. 10 . For any fiber region, the oily and water-soluble soils were readily removable in non-aqueous and aqueous solutions, respectively. Relatively low removability was observed for oily soils on hydrophobic triacetate and polyester in aqueous solutions and for water-soluble soils on hydrophilic cotton and viscose in non-aqueous solutions. Particulate soil was not removed from any fiber region in both solutions. In non-aqueous solutions in particular, the detergency of particulate soil showed negative values for all fibers. The damage caused to the MFF fabric during the washing test may affect the detergency evaluation by surface reflectance.
The experimental results did not contradict the common knowledge on textile washing. Therefore, the artificially soiled MFFs can be conveniently utilized for the detergency evaluation of different fibers. 
PROPOSAL OF MECHANICAL ACTION FOR SOIL REMOVAL
Electro-osmotic ow
Substrates are commonly charged in the detergent solution, with an electrical double layer formed at the substrate/solution interface. When an external electric field is applied to the interface, the ions in the electrical double layer move, generating a liquid flow along the substrate surface. This phenomenon is called electro-osmotic flow, a piston flow that is different from an ordinary Poiseuille flow due to the pressure difference, a parabola flow 1 . Since the electro-osmotic velocity is constant at a distance of 1-10 nm from the substrate surface under ordinary washing conditions, a large hydrodynamic force acts on the Fig. 9 Detergency of artificially soiled cotton after washing in various solutions by stirring. Fig. 10 Detergency of artificially soiled multifiber fabrics after washing in aqueous and non-aqueous solutions by stirring.
Experimental Analysis of Detergency Phenomena and Investigation of a Next-generation Detergency System
J. Oleo Sci. 66, (1) 1-11 (2017) 7 soil attached to the substrate 24, 25 . The removal of iron oxide particles from the silica plate was investigated under electro-osmotic and Poiseuille flows 26 . Figure 11 shows the relation between the removal efficiency of iron oxide particles from the silica glass and the hydrodynamic force acting on the particles. The plots for the electro-osmotic and Poiseuille flows were roughly represented by the same line, showing that soil removal was dominated by the hydrodynamic force. However, the electro-osmotic volume flow rate required for a particle removal efficiency of 50 3.84 10 6 dm 3 /s was extremely small compared to the one for the Poiseuille flow 1.5 10 3 dm 3 /s .
Ultrasonication
Unlike the mechanical wash bath agitation used in textile washing machines, ultrasound exhibits strong mechanical action due to the rapid formation and violent collapse of bubbles or cavities in the wash bath, being therefore widely utilized for hard surface cleaning in many industries 27 .
However, ultrasound was reported to be unsuitable for the cleaning of soft and flexible materials such as textiles 28 .
The author has attempted an ultrasonic cleaning of polyester fabrics soiled with carbon black or oleic acid 29, 30 . The soiled and original fabric samples were horizontally placed in a beaker containing a solution of AS, with a bath ratio of 30. Ultrasound modulated by a frequency of 38 kHz was applied as a mechanical action source for soil removal. The wash temperature was adjusted to 25 1 . After 5-min washing, the soiled fabric was rinsed for 60 s with 0.1 dm 3 of water. Washing tests were also carried out using Wascator in accordance with ISO 6330:2000 E . The procedures used were 4A normal , 7A gentle , and hand wash, with the wash and rinse temperatures set to 25 , representing a change from the original program settings. Prior to washing, one side of the fabric was sewn on polyester ballasts. The total weight of the fabric samples and test load was 1.5 kg, and the bath ratio was calculated to be 10.
The obtained results are given in Fig. 12 upper part 29 .
The detergency drastically increased with increasing electric consumption of ultrasound, attaining values of 45 and 95 for carbon black and oleic acid, respectively. These detergency levels surpass those obtained using Wascator Fig. 12 , lower part . The damage caused to textiles during laundering can be reduced by using ultrasonication instead of conventional mechanical agitation. Delicate fibers wool and silk were also washed in the AS solution using ultrasonication and a drum-type washer normal procedure 31 , with SEM images of the washed fabrics inserted in Fig. 12 . Little fabric damage was observed for ultrasound-mediated washing compared to that caused by a conventional washing machine. The combined effect of ultrasound and shaking as mechanical actions for soil removal was also investigated 32 , revealing that a 1-min shake/ultrasound combination inflicted little damage, despite having a detergency power similar to that of a conventional drum-type washer.
APPLICATION OF PLASMA TREATMENT TO DETERGENCY SYSTEMS
Pre-treatment for aqueous cleaning
The effects of exposing polymer surfaces to APPJ 33 on their detergency were investigated from the viewpoint of pretreatment for aqueous cleaning 34, 35 . Polyester fabrics soiled with carbon black, oleic acid, or stearic acid were treated by nitrogen-gas APPJ prior to cleaning. Subsequently, the soiled fabrics were cleaned together with the original one in aqueous AS solution, with and without mechanical action 120 spm shake, 38 kHz ultrasound, and Wascator, Normal . The time used for shake and ultrasound washing was 5 min, with the wash temperature adjusted to 25 1 . After shake and ultrasound washing, the soiled and original fabrics were rinsed with 0.1 dm 3 of water for 60 s. The removal of soil from the soiled fabric and its redeposition onto the original fabric were determined by the surface reflectance method Fig. 13 . The APPJ exposure was found to promote soil removal and prevent soil redeposition for all types of soil and mechanical action, with a particularly improved detergency observed for stearic acid. This observation may be due to the APP heating-induced collapse of crystalized stearic acid deposited on polyester fibers and simultaneous hydrophilization of the polyester and stearic acid due to APP oxidation. Contact angle measurements, X-ray photoelectron spectroscopy, and microscopic observations supported this expectation 36 . The experimental findings confirmed the effectiveness of pre- Fig. 11 Removal efficiency of iron oxide particles from silica glass in aqueous solution as a function of hydrodynamic force. Fig. 12 Removal efficiency of artificially soiled polyester fabrics and SEM images of wool and silk fabrics after washing in AS solution using ultrasound top and a drum-type washer bottom . Fig. 13 Effect of APPJ pre-treatment on the removal efficiency of polyester soiled with carbon black, oleic acid, and stearic acid, and soil redeposition onto the original polyester fabric in aqueous AS solution, with and without applied mechanical action.
cleaning APPJ exposure in aqueous solutions.
Development of anti-folding textiles
The prevention of atmospheric soil deposition and promotion of soil removal by cleaning are essential for preserving the appearance and performance of textile products. For textiles and apparel, soil guard and release finishes have been developed using chemical processing. According to adhesion studies 37 , the hydrophobization and hydrophilization of substrate surfaces can lead to soil guard and release abilities, respectively. We have applied the APPJ treatment to soil guard and release finishes, since it can modify the extremely thin surface layer without causing environmental pollution 34, 38 .
Hydrophilization of the fiber surface was performed by APPJ oxidation as mentioned above, while hydrophobization was performed using hexamethyldisiloxane as a precursor for plasma polymerization 39 42 . The results of SEM observations and XPS analyses showed that a silicon oxide layer with granular morphology was formed on the fiber surfaces. In the FT-IR spectra, the peaks attributable to Si-CH 3 x and CH 3 were observed at 1250 and 2940 cm 1 , respectively. The soil guard and release performances were investigated using a polyester filament fabric.
The obtained results are presented in Fig. 14 41 . The contact angles of water and diiodomethane as model liquid soils measured by the sessile drop method increased after plasma polymerization left figure , highlighting superior hydrophobic and oleophobic properties. APPJ polymerization was found to reduce the deposition of particulate soils, i.e., carbon black and red clay Fig. 14 , middle , whereas APPJ oxidation promoted the removal of both soils Fig. 14, right . Contrary to the expectations, the removability of red clay increased after APPJ polymerization. Compared with wet-chemical treatment, the APPJ treatment was an effective anti-fouling method from the viewpoint of the soil guard and release balance. The reduction of the contact region between the substrate and soil due to the granular morphology may provide excellent anti-folding performance.
CONCLUSIONS
Experimental analysis of detergency was performed for various model systems. The detergency process is too complicated to be explained by a simple theory. However, the preservation of products during cleaning is essential from the viewpoints of reduced resource consumption and to achieve a healthy and comfortable human life. Investigation of sustainable cleaning systems under the consideration of environmental preservation and human safety is an important future social issue.
